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ABSTRACT
Environmental ultrafine particulate matter (PM) is capable of inducing airway injury, while the detailed
molecular mechanisms remain largely unclear. Here, we demonstrate pivotal roles of autophagy in
regulation of inflammation and mucus hyperproduction induced by PM containing environmentally
persistent free radicals in human bronchial epithelial (HBE) cells and in mouse airways. PM was
endocytosed by HBE cells and simultaneously triggered autophagosomes, which then engulfed the
invading particles to form amphisomes and subsequent autolysosomes. Genetic blockage of autophagy
markedly reduced PM-induced expression of inflammatory cytokines, e.g. IL8 and IL6, and MUC5AC in HBE
cells. Mice with impaired autophagy due to knockdown of autophagy-related gene Becn1 or Lc3b
displayed significantly reduced airway inflammation and mucus hyperproduction in response to PM
exposure in vivo. Interference of the autophagic flux by lysosomal inhibition resulted in accumulated
autophagosomes/amphisomes, and intriguingly, this process significantly aggravated the IL8 production
through NFKB1, and markedly attenuated MUC5AC expression via activator protein 1. These data indicate
that autophagy is required for PM-induced airway epithelial injury, and that inhibition of autophagy exerts
therapeutic benefits for PM-induced airway inflammation and mucus hyperproduction, although they are







Ambient air pollution, specifically environmental particulate
matter (PM), causes a variety of adverse health effects. The
lung is the major target of airborne pollutants. Accumulating
evidence suggests that exposure to environmental PM pollution
is associated with decreased lung function and increased
exacerbation, hospitalization, disease incidence, and/or mortal-
ity of certain chronic respiratory diseases such as asthma,
chronic obstructive pulmonary disease (COPD), and lung can-
cer.1-4 However, the molecular mechanisms mediating the
adverse effects of PM in these diseases remain largely unknown.
Autophagy is a dynamic process responsible for the turnover
of cellular organelles and long-lived proteins, which plays a cru-
cial role in cellular homeostasis and adaptation to adverse envi-
ronments.5,6 More than 30 autophagy-related (ATG) genes and
gene products have been identified heretofore, and the most
investigated molecules include ATG5, BECN1/Beclin 1, and
MAP1LC3B/LC3B (microtubule-associated protein 1 light
chain 3 b).7 In mammals, the conversion of LC3B from the free
form (LC3B-I) to the phosphatidylethanolamine-conjugated
form (LC3B-II) represents a key step in autophagosome forma-
tion, and thus the net amount of LC3B-II is a critical hallmark
for monitoring autophagy in mammalian cells.8 In general, the
fusion of autophagosomes with lysosomes forms autolyso-
somes, a process that is part of complete autophagic flux, result-
ing in the breakdown and efflux of sequestered materials. In the
case of endocytosis, the endosomes fuse with autophagosomes
to form amphisomes, and the further fusion of amphisomes
with lysosomes generates autolysosomes.9,10
Accumulating evidence suggests that autophagy plays
important roles in pulmonary diseases.11,12 We have previously
demonstrated that autophagy is critical in mediating the ciga-
rette smoke-induced apoptosis of lung epithelial cells and con-
tributes to the development of emphysema.13-15 Autophagy has
also been recently shown to mediate cigarette smoke-induced
cilia shortening in the airway epithelium.16,17 These data sug-
gest that autophagy is a deleterious process orchestrating vari-
ous damage processes in airway epithelium during COPD
development. Emerging studies also suggest that autophagy-
related pathways are critically involved in nanomaterial
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toxicity,18-20 and most recently, airborne PM2.5 has been
reported to induce autophagy in human lung A549 cells.21,22
However, several critical items remain unclear regarding PM
and autophagy in the context of airway injury. Can PM,
especially the ultrafine PM, be endocytosed into the airway epi-
thelial cells? Can the endocytosed PM be engulfed by auto-
phagosomes? What are the eventual functions of autophagy in
PM-induced damage in bronchial epithelial cells and in vivo? Is
PM-induced autophagy deleterious as in case of cigarette
smoke-induced airway injury? What are the molecular mecha-
nisms mediating the effects of autophagy in PM-induced cellu-
lar injury?
The present study addresses these questions using both
pharmacological and genetic approaches in vitro and in vivo.
Our results demonstrate that ultrafine PM triggers a typical
convergence of endocytosis and autophagy in airway epithelial
cells, and that autophagy is essential for the subsequent PM-
induced inflammation and mucus hyperproduction. We also
demonstrate that the lysosomal process differentially regulates
the expressions of inflammatory cytokine IL (interleukin) 8
and mucin MUC5AC (mucin 5AC, oligomeric mucus/gel-
forming), distinctly through NFKB1 (nuclear factor of kappa
light polypeptide gene enhancer in B-cells 1) and activator pro-
tein-1 (AP-1).
Results
Ultrafine PM triggers a typical convergence of endocytosis
and autophagy in human bronchial epithelial (HBE) cells
Ultrafine PM containing environmentally persistent free radi-
cals were fabricated and characterized previously.23-25 The total
radical concentration was 2.5 mM/g PM, and mean diameter
was around 0.2 mm. Treatment of HBE cells with this PM trig-
gered typical features of a convergence of endocytosis and
autophagy9,10 (Fig. 1A to C). By transmission electronic
microscopy (TEM), we observed that endocytosis occurred in
the plasma membrane upon PM exposure, with a phagophore
emerging close to the endocytosis site (Fig. 1A). Autophago-
somes then attempted to fuse with endocytosed PM (Fig. 1B),
to form amphisomes and subsequent autolysosomes (Fig. 1C).
The sizes of autophagy-captured particles were generally from
0.1 to 0.5 mm (Fig. 1B to D). PM induced a marked elevation of
autophagy in HBE cells, as revealed through quantification of
the TEM images and the punctation of mRFP-GFP-LC3B
(Fig. 1D to F). Western blotting analysis also demonstrated a
time- and dose-dependent induction of LC3B-II by PM in HBE
cells (Figs. 1G and H). Treatment of PM with a lysosome inhib-
itor bafilomycin A1 (Baf A1) further enhanced the induction of
LC3B-II (Fig. 1I), suggesting that the increased levels of LC3B-
II by PM treatment were indeed induced, rather than due to an
impaired autophagosome-lysosome fusion.
Autophagy is required for PM-induced expression of
inflammatory cytokines and mucin MUC5AC levels in HBE
cells
The induced autophagy can be either cytoprotective or deleteri-
ous. Therefore, we sought to explore the functions of autophagy
in PM-induced cellular injury. PM exposure induced a marked
elevation of the mRNA transcripts as well as the secreted pro-
tein levels of inflammatory cytokines IL8 and IL6 in HBE cells,
and all of these were significantly decreased in the cells treated
with siRNAs targeting autophagy-related genes BECN1 or
ATG5 (Fig. 2A to D). However, other inflammatory cytokines,
such as those encoded by IL1A, IL1B, IL18, and TNF (tumor
necrosis factor), were not or were less significantly induced
(Fig. S1). This suggests a deleterious effect of autophagy in
mediating PM-induced inflammation in airway epithelial cells.
The knockdown effects of all siRNAs used in this study are
shown in Figure S2.
Mucus hyperproduction by airway epithelial cells is another car-
dinal feature of chronic airway diseases, which results in airway
obstruction and contributes significantly to morbidity and mortal-
ity.26,27 However, little is known about the role of PM in mucus
production. Among the over 20 mucin genes identified,MUC5AC
is one of the most predominant mucins in the airway, and is highly
inducible especially in pathological conditions.28 Interestingly, we
observed that PM triggered a significant induction of MUC5AC at
both mRNA transcripts and protein levels in HBE cells (Fig. 2E
and F). Similar to the cytokines, elevated MUC5AC was also effec-
tively attenuated by knockdown of BECN1 or ATG5 (Fig. 2E to G),
indicating an essential role of autophagy in PM-induced mucin
production in airway epithelial cells.
PM-induced airway inflammation is reduced in Becn1C/¡
or lc3b¡/¡ mice
To further examine the role of autophagy in regulation of airway
inflammation in vivo, Becn1C/¡ and lc3b¡/¡ mice, which exhibit
impaired autophagy in lungs and other organs,15-16,29-31 were
used in this study. Instillation of PM at 100 mg/d/mouse24 for 2 d
resulted in marked accumulations of total inflammatory cells and
neutrophils in the bronchoalveolar lavage fluid (BALF), both of
which were significantly decreased in the Becn1C/¡ (Fig. 3A and
B) or lc3b¡/¡mice (Fig. 4A and B) relative to their littermate con-
trols. Inflammatory cytokines such as the mouse chemokine (C-
X-C motif) ligand 1 (CXCL1), CXCL2, and IL6 were also notably
reduced in Becn1C/¡mice in response to PM exposure (Fig. 3C to
H). In lc3b¡/¡ mice, the PM-induced CXCL1 was markedly
reduced (Fig. 4C and D), while surprisingly, IL6 and CXCL2 were
not decreased (Fig. S3). Immunohistological analysis further con-
firmed that the PM-induced airway inflammation was signifi-
cantly attenuated in Becn1 heterozygous (Fig. 3I and J) as well as
in lc3b¡/¡mice (Fig. 4E and F).
Autophagy is essential for PM-induced mucus
hyperproduction in vivo
We next sought to confirm the effect of autophagy in regulation of
PM-induced mucus production in vivo. Surprisingly, airways col-
lected from the mice instilled with PM at 100 mg/d/mouse for 2 d
displayed inappreciable mucus hyperproduction (data not shown).
We then increased the period of PM exposure for 4 consecutive d,
and in this case, mucus hyperproduction was evident in the small
airways of wild-type littermates, as revealed by both periodic acid-
Schiff (PAS) staining (Fig. 5A and 6A) and immunohistochemistry
analysis of MUC5AC (Fig. 5C and 6C). Consistent with the in vitro
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findings (Fig. 2E and F), PM-induced hyperproduction of
MUC5ACwas also significantly attenuated in Becn1C/¡ (Fig. 5A to
D) or lc3b¡/¡ mice (Fig. 6A to D). The mRNA levels ofMuc5ac in
the lungs exhibited a similar tendency, with a marked elevation in
controls and an obvious reduction in Becn1C/¡ (Fig. 5E) or lc3b¡/¡
mice (Fig. 6E) in response to PM exposure.
Lysosomal inhibition of the autophagic flux differentially
regulates PM-induced production of IL8 andMUC5AC in
HBE cells
Generally, the autophagosomes or amphisomes fuse with
lysosomes to form autolysosomes, where the engulfed com-
ponents are degraded. To determine the effects of lysosomal
process on PM-induced inflammation and mucin expres-
sion, pharmacological and genetic approaches were used. As
expected, Baf A1 treatment together with PM resulted in a
dramatic accumulation of amphisomes (Fig. 7A), which was
consistent with the enhanced expression of LC3B-II by
western blot analysis (Fig. 1I). It should be noted that most
of the autophagic vacuoles induced by PM in the presence
of Baf A1 were amphisomes, clearly with engulfed black
particulates therein (Fig. 7A), suggesting that autophago-
somes readily fuse with the PM-containing endosomes.
We next examined the effects of Baf A1 on PM-induced
cytokines and mucin production. To our surprise, treatment
with Baf A1 significantly augmented PM-induced mRNA
expression of IL8 (Fig. 7B), whereas it markedly inhibited
Figure 1. PM triggers a typical convergence of endocytosis and autophagy in HBE cells. (A to C) TEM images showing the dynamic process of a typical convergence of
endocytosis and autophagy in HBE cells stimulated with PM at 100 mg/ml for 24 h. PG, phagophore; AP, autophagosome; AL, autolysosome; AM, amphisome. (D) Repre-
sentative TEM image of HBE cells treated with vehicle control or PM. AV, autophagic vacuole. (E) Semiquantified number of AVs in TEM images. The data were repre-
sented as AVs per 100 mm2 (n D 15 images for each group). , P < 0.05. (F) Representative images of the punctate staining of mRFP-GFP-LC3B in HBE cells treated with
vehicle Control or PM. (G to I) Western blot analyses of the induction of LC3B by PM in HBE cells. Cells were treated with various concentrations of PM for 24 h (G), with
100 mg/ml PM for indicated time points (H), or with 100 mg/ml PM and Baf A1 (10 nM) for 24 h (I). Control, vehicle control.
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the expression of MUC5AC (Fig. 7C). We further confirmed
such phenomena through a genetic approach by knockdown
of LAMP2 (lysosomal-associated membrane protein 2),
whose deficiency impairs the lysosomal function.32,33 Con-
sistent with the effects of Baf A1, knockdown of LAMP2
also significantly exacerbated IL8 expression (Fig. 7D) and
notably attenuated MUC5AC production (Fig. 7E) in
response to PM treatment in HBE cells. An additional
siRNA was used to confirm the effects of LAMP2 on PM-
induced expression of IL8 and MUC5AC (Fig. S4). All these
findings suggested that lysosomal inhibition differentially
regulated expression of IL8 and MUC5AC likely through
different pathways. However, the expression of IL6 by lyso-
somal inhibition was more complicated, as Baf A1
Figure 2. Autophagy mediates PM-induced inflammatory responses and mucus hyperproduction in HBE cells. Cells were transfected with Control-, ATG5-, or BECN1-siRNA
for 24 h, and then were treated with PM (100 mg/ml) for an additional 24 h. The relative levels of IL8 (A), IL6 (C), and MUC5AC (E) mRNA transcripts were detected by
quantitative PCR, and the protein levels of IL8 (B) and IL6 (D) in the culture supernatants were measured by ELISA. (F) Representative immunofluorescence images of
MUC5AC in HBE cells, and (G) the mean relative fluorescence intensities were normalized to Control (nD10 images for each group). Data are presented as Mean § SEM
of at least 3 independent experiments. , P < 0.05; , P < 0.01; , P < 0.001. Scale bar: 20 mm.
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Figure 3. Becn1C/¡ mice display decreased airway inflammation in response to PM exposure. Becn1 heterozygous and their wildtype littermates (n D 5 to 7 for each
group) were instilled intratracheally with PM at 100 mg/d for 2 d, and after 24 h, the total inflammatory cells (A) and the number of neutrophils (B) in the BALF were mea-
sured. Expression of the mRNA levels of Cxcl1 (C), Cxcl2 (E) and Il6 (G) in lung tissue were analyzed by quantitative PCR. Protein levels of CXCL1 (D), CXCL2 (F), and IL6 (H)
in the BALF were measured by ELISA. (I) Representative images of lung sections stained with H&E. (J) Semiquantified inflammation score of the H&E staining (n D 10
images for each group). Data are presented as Mean § SEM of 3 independent experiments. , P < 0.05; , P < 0.01.
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decreased while LAMP2-siRNA increased its expression in
HBE cells (Fig. S5A and B).
Differential activation of the NFKB1 and AP-1 pathways by
lysosomal inhibition differently mediates PM-induced
expression of IL8 andMUC5AC in HBE cells
The above intriguing results encouraged us to further explore
the possible mechanisms mediating the distinct effects of lyso-
somal inhibition on PM-induced expression of IL8 and
MUC5AC. As the transcription factors NFKB1 and AP-1 are
well known to mediate inflammatory responses and mucus
production in airway injury, we examined the roles of these fac-
tors in PM-induced airway epithelial damages. Interestingly,
inhibition of the NFKB1 pathway by CHUK (conserved helix-
loop-helix ubiquitous kinase) inhibitor VII or a genetic
approach with RELA (v-rel avian reticuloendotheliosis viral
oncogene homolog A)-siRNA significantly reduced the PM-
induced expression of IL8 (Fig. 8A and C), while it exerted no
considerable effect on the mRNA level of MUC5AC (Fig. 8B
and D). On the contrary, inhibition of the AP-1 pathway by
SP600125 or JUN-siRNA failed to affect the expression of IL8
(Fig. 8E and G), whereas it markedly attenuated the PM-
induced production of MUC5AC (Fig. 8F and H). Additional
siRNAs for RELA and JUN were used and they showed the
same effects on PM-induced IL8 and MUC5AC (Fig. S6). These
data suggested that the NFKB1 and AP-1 pathways distinctly
regulated PM-induced expression of IL8 and MUC5AC in HBE
Figure 4. lc3b¡/¡ mice exhibit reduced airway inflammation in response to PM exposure. Mice (n D 5 to 7 for each group) were instilled intratracheally with PM at
100 mg/d for 2 d, and after 24 h, the total inflammatory cells (A) and the number of neutrophils (B) in the BALF were measured. Expression of the mRNA levels of Cxcl1
(C) in lung tissue were analyzed by quantitative PCR, and protein levels of CXCL1 (D) in the BALF were measured by ELISA. (E) Representative images of lung sections
stained with H&E. (F) Semiquantified inflammation score of the H&E staining (n D 10 images for each group). Data are presented as Mean § SEM of 3 independent
experiments. , P < 0.05; , P < 0.01; , P < 0.001.
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cells. We also observed that IL6 was effectively decreased by
both RELA- and JUN-siRNA (Fig. S5C and D), suggesting this
cytokine was regulated by both pathways.
Since lysosomal inhibition upregulated IL8 and downre-
gulated MUC5AC (Fig. 7B-E), and the NFKB1 and AP-1
pathways distinctly mediated their production, we next
examined the roles of lysosomal signaling in regulation of
these 2 pathways. Interestingly, in cells treated with
LAMP2-siRNA, the basal level of RELA was significantly
increased, while that of NFKBIA (nuclear factor of kappa
light polypeptide gene enhancer in B-cells inhibitor, a) was
notably decreased (Fig. 8I), suggesting that autophagosomes
and autolysosomes might differentially regulated the protein
degradation of NFKBIA and RELA. On the other hand,
LAMP2-siRNA markedly decreased the phosphorylation of
JUN (Fig. 8J), suggesting that the lysosomal process was
required for the activation of the AP-1 pathway.
Discussion
In the present study, we clearly demonstrate that radical-con-
taining ultrafine PM triggers a typical convergence of endocyto-
sis and autophagy in airway epithelial cells, and that autophagy
is essential for PM-induced inflammation and mucus hyper-
production through the NFKB1 and AP-1 pathways. We fur-
ther clarify that the autophagosomes/amphisomes directly
activate the NFKB pathway to produce IL8, while the lysosomal
Figure 5. Becn1C/¡ mice are resistant to PM-induced mucus production in the airway. Mice (nD 5 to 8 for each group) were instilled intratracheally with PM at 100 mg/d
for 4 days. (A) Representative images of lung sections with PAS staining. (B) Semiquantified PAS score. (C) Representative images of lung sections stained for MUC5AC. (D)
Quantified percentage of MUC5AC positive cells in the epithelium. (E) The mRNA expression of Muc5ac in lung tissues. Data are presented as Mean § SEM of 3 indepen-
dent experiments. , P < 0.05; , P < 0.01.
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process is required for activation of the AP-1 pathway and its
subsequent induction of MUC5AC (Fig. 9). Certain cytokines
such as IL6 are regulated by both pathways, and thus blockade
of autophagy effectively reduces, while lysosomal inhibition by
different approaches exerts complex effects on, IL6 expression.
A growing body of literature suggests that autophagy and
lysosomal dysfunction are critical for nanomaterial toxicity
(reviewed in ref. 18). The sizes of nanomaterials are generally
less than 100 nm, which are readily to be phagocytosed into
various cells, while little is known about the cellular fate of
larger sized PM. Recently, airborne PM2.5 has been reported to
induce autophagy in human lung A549 cells,21,22 however,
there is little evidence showing whether the PM could be endo-
cytosed and sequestered by autophagosomes. In the present
study, we have clearly observed that larger sized particles
between 0.1 to 0.5 mm (Fig. 1B to D) were able to be endocy-
tosed and subsequently fuse with autophagosomes to form typ-
ical amphisomes. The sizes of autophagosomes are usually 0.5
to 1.5 mm,34 making it possible to arrest larger sized PM.
The roles of autophagy in airway epithelial damages in vari-
ous lung diseases remain either deleterious or cytoprotective,
most likely depending on the different stimuli or patho-
gens.11,12,35 For example, in hyperoxia-induced airway epithe-
lial damage, LC3B-siRNA promotes hyperoxia-induced cell
death, whereas overexpression of LC3B confers cytoprotec-
tion.36 However, various kinds of nanoparticles trigger auto-
phagic cell death, and the autophagy inhibitor 3-methyladenine
rescues the nanoparticle-induced epithelial cell death and
Figure 6. lc3b¡/¡ mice are protected from PM-induced mucus production in the airway. Mice (nD 5 to 8 for each group) were instilled intratracheally with PM at 100 mg/
d for 4 d. (A) Representative images of lung sections with PAS staining. (B) Semiquantified PAS score. (C) Representative images of lung sections stained for MUC5AC. (D)
Quantified percentage of MUC5AC positive cells in the epithelium. (E) The mRNA expression of Muc5ac in lung tissues. Data are presented as Mean § SEM of 3 indepen-
dent experiments. , P < 0.05; , P < 0.01; , P < 0.001.
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ameliorates the acute lung injury in mice.37,38 H5N1 infection
also induces autophagic cell death in lung epithelial cells, and
blocking autophagy not only reduces the epithelial cell
death,39,40 decreases the production of proinflammatory cyto-
kines and chemokines,40 but also ameliorates H5N1-induced
acute lung injury and mortality.41 Our present results were con-
sistent with the latter studies demonstrating that autophagy was
deleterious in PM-induced epithelial damages and airway
injury. Autophagy inhibition effectively resulted in attenuated
cytokine production in HBE cells and ameliorative inflamma-
tion in mouse lungs. Thus, targeting autophagy inhibition
in airway epithelial cells might be effective not only for
COPD,13-17 flu virus infection,39-41 nanomaterial toxicity,18,37,38
but also for environmental PM-induced airway inflammation
and exacerbation of various chronic lung diseases.
Mucus hyperproduction is another important feature of
chronic airway diseases. A couple of studies have investigated
the role of PM in mucus production. For example, Val et al.
report that fine PM induces MUC5AC expression in HBE cells
and in mouse trachea, through the autocrine effect of amphire-
gulin.42 Another study observes that PM induces mucin secre-
tion in HBE cells through calcium influx and the cyclic
adenosine monophosphate-protein kinase A pathway.43 Our
current data clearly demonstrated that autophagy was essential
Figure 7. Autophagic flux differentially modulates PM-induced expression of IL8 and MUC5AC in HBE cells. (A to C) Cells were treated with PM (100 mg/ml) with or with-
out Baf A1 (10 nM) for 24 h, and were analyzed for the atuophagic vesicles by TEM (A), or were measured for the mRNA levels of IL8 (B) or MUC5AC (C). (D and E) Cells
were transfected with Control- or LAMP2-siRNA for 24 h, and then were treated with PM (100 mg/ml) for an additional 24 h to examine the mRNA levels of IL8 (D) or
MUC5AC (E). Data are presented as Mean § SEM of 3 independent experiments. , P < 0.05.
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Figure 8. The NFKB1 and AP-1 pathways differentially mediate PM-induced expression of IL8 and MUC5AC. Cells were treated with CHUK inhibitor VII (A and B) or AP-1
inhibitor SP600125 (E and F) together with PM (100mg/ml) for 24 h, or treated with RELA- (C and D) or JUN-siRNA (G and H) for 24 h, and then with PM (100 mg/ml) for
an additional 24 h. The mRNA expression of IL8 (A, C, E, and G) and MUC5AC (B, D, F, and H) were measured. Data are presented as Mean § SEM. , P < 0.05; , P <
0.001; n.s., not significant. (E and F) Cells were treated with indicated Control- or LAMP2-siRNA for 48 h, and then with PM (100 mg/ml) for an additional 12 h. The protein
levels of RELA, NFKBIA (E) or p-JUN (F) were examined by western blot. Images are representative of 3 independent experiments.
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for PM-induced mucus hyperproduction in HBE cells and in
mouse lungs. Furthermore, the effect of autophagy on mucus
production appeared to be independent of the autophagy-regu-
lated inflammation, as inhibition of the autophagic flux signifi-
cantly decreased the mucus production but increased the IL8
expression. In fact, we have recently found that autophagy
mediated cigarette smoke-induced mucus production via the
AP-1 pathway in the context of COPD pathogenesis (paper in
submission), which is in complete agreement with the current
results.
It should be noted that the PM-induced activation of the
NFKB1 and AP-1 pathways in HBE cells were differentially
regulated by the autophagic flux. In general, both these
pathways are redox sensitive and are important for the cel-
lular inflammatory responses. Our current results clearly
demonstrate that lysosomal inhibition significantly activated
the NFKB signaling while markedly attenuated the AP-1
pathway, suggesting that the accumulation of autophago-
somes and amphisosomes led to activation of NFKB1, while
the lysosomal degradation process was required for AP-1
activation. To the best of our knowledge, this is the first
time that such differential regulation of these 2 pathways
has been shown in the same paradigm.
The detailed mechanisms of how autophagic flux regu-
lates PM-induced activation of these 2 pathways remain
unclear. Numerous studies have investigated the crosstalk
between autophagy and NFKB1 signaling, while little is
known about the relationship between autophagy and AP-1.
However, even within the literature on autophagy and
NFKB1, only a few of them focus on how autophagy
modulates NFKB1 signaling factors, whereas most address
the contrary regulation. Nonetheless, the effects of autopha-
gic flux in regulation of NFKB1 activities are complex, and
the molecular mechanisms are extremely complicated, and
likely vary depending on cell types and stimuli. NFKBIA,
RELA, as well as other NFKB1-related molecules, can all be
targets for degradation by autophagosomes or autolyso-
somes, resulting in completely different outcomes. For
example, in a macrophage cell differentiation model, knock-
down of ATG5 or treatment with Baf A1 could prevent
RELA degradation and induce M2 macrophages to produce
a high level of proinflammatory cytokines.44 On the con-
trary, Criollo et al. have observed that the depletion of
essential autophagy modulators, including ATG5, ATG7,
BECN1, and PIK3C3 (phosphatidylinositol 3-kinase, cata-
lytic subunit type 3), by RNA interference inhibits TNF-
driven NFKB1 activation in 2 human cancer cell lines.45
Similarly, in mice lacking ATG4B, mechanical ventilation
induced less autophagy, resulting in the accumulation of
SQSTM1 (sequestosome 1) and ubiquitinated NFKBIA, and
less NFKB1 activation.46 In intestinal epithelial cells, TNF
stimulates formation of autophagosomes and NFKBIA co-
localizes with autophagosomal vesicles, and pharmacological
or genetic blockade of autophagosome formation or lyso-
somal inhibition decreases TNF-induced degradation of
NFKBIA and lowers NFKB1 target gene expression.47 How-
ever, in LAMP2-deficient cells, the levels of NFKBIA were
significantly decreased, which should theoretically result in
an increased NFKB1 activity.47 Our current data are only
partially consistent with these studies, showing that block-
ade of autophagy attenuated both NFKB1 and AP-1 path-
ways, while lysosomal inhibition resulted in differential
outcomes.
In conclusion, we show here for the first time that ultra-
fine PM (around 0.1 to 0.5 mm) can be endocytosed and
triggers a typical convergence of endocytosis and autophagy
in airway epithelial cells. We further demonstrate that
autophagy is essential for PM-induced activation of NFKB1
and AP-1, and subsequent airway inflammation and mucus
hyperproduction. In addition, we observe that the autopha-
gic flux differentially modulates the NFKB1 and AP-1 activ-
ities, and the consequent outcomes. Nonetheless, inhibiting
autophagy could be an effective therapeutic approach for




HBE cells were purchased from American Type Culture Collec-
tion (CRL-2741), and were maintained in RPMI 1640 with 10%
FBS, 50 U/ml penicillin, and 50 U/ml streptomycin.
Reagents
The initial set of siRNAs of Control(sc-37007), ATG5(sc-
41445), BECN1(sc-29797), RELA (sc-29410), LAMP2 (sc-
29390), JUN (sc-29223) were purchased from Santa Cruz
Figure 9. Schematic representation of the mechanisms of PM-induced autophagic
flux in the differential regulation of subsequent inflammation and mucus hyper-
production in airway epithelium. Ultrafine PM can be endocytosed into HBE cells
and triggers autophagy. The PM-containing endosomes fuse with autophagomes
to form amphisomes, and the further fusion of amphisomes with lysosomes gener-
ates autolysosomes. PM-induced autophagosomes and amphisomes directly acti-
vate the NFKB1 pathway to produce IL8, while autolysosomes are required for AP-
1 activation to produce MUC5AC. Certain cytokines such as IL6 are regulated by
both pathways.
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Biotechnology. An additional set of siRNAs of RELA, LAMP2,
and JUN were designed and synthesized by Shanghai Gene-
Pharma for verifying the effects (see supplementary Reagents).
The siRNA transfection reagent (SL100568) and the PloyJet in
vitro DNA Transfection reagent (SL100688) were purchased
from SignaGen Laboratories. Antibodies against ACTB (Santa
Cruz Biotechnology, sc-47778), LC3B (Sigma-Aldrich, L7543),
RELA (Cell Signaling Technology, 8242), NFKBIA (Cell Signal-
ing Technology, 4812), p-JUN (Cell Signaling Technology,
3270), and MUC5AC (Abcam, ab24071) were used. All of these
antibodies were diluted at 1:1000 in 5% nonfat dried milk,
except for the LC3B and ACTB which were diluted at 1:2000.
All primers used in the study were synthesized by Sangon Bio-
tech, Shanghai. ELISA kits for human IL8 (D8000C), human
IL6 (D6050), mouse CXCL1 (MKC00B), mouse CXCL2
(MM200), mouse IL6 (M6000B) were purchased from R&D
systems. IKK inhibitor VII was purchased from Calbiochem
(401486), and its final concentration in culture medium was
1 mg/ml. Baf A1 (B1793) and SP600125 (S5567) were from
Sigma-Aldrich, and the final concentrations in the culture
medium were 10 nM and 10 mM respectively.
Animals
Becn1C/¡ mice were kindly provided by Dr. Beth Levine, Uni-
versity of Texas Southwestern Medical Center. lc3b¡/¡ mice
were from Jackson Laboratory. All mice were maintained in a
specific pathogen-free facility. All experimental protocols were
approved by the Ethical Committee for Animal Studies at Zhe-
jiang University.
In vivo and in vitro PM exposure
PM was produced as previously described,23-25 which was
tested negative for lipooligosaccharide contamination, and was
vacuum-packed in ampoules. In vivo, PM was suspended and
sonicated in sterile saline to a final concentration at 2 mg/ml.
To establish a mouse model of acute airway inflammation,
mice were treated with 100 mg PM (in 50 ml saline) per day by
intratracheal instillation for 2 d. The period of PM exposure
was increased for consecutive 4 d for studying the mucus
hyperproduction. Control mice received the same volume of
saline. In vitro, PM was suspended and sonicated in sterile
saline to a final concentration at 1 mg/ml, and HBE cells were
treated with PM at 100 mg/ml.
Transfection
The siRNA transfection was performed with the transfection
reagent following the manufacturer’s protocol. Briefly, 5 £ 104
cells were placed in each well of 6-well plates for 18 h prior to
transfection. The siRNA in 1 ml growth medium were incu-
bated with HBE cells for 5 h. The infection medium was
removed and replaced with fresh growth medium. The mRFP-
GFP-LC3B plasmid was transfected into cells by using PloyJet
in vitro DNA Transfection reagent. 1 £ 106 cells were seeded
to a 6 cm dish 24 h before mRFP-GFP-LC3 plasmid transfec-
tion. The infection medium was replaced with fresh growth
medium after being incubated with HBE cells for 8 h. Confocal
images were viewed using a Zeiss LSM confocal laser scanning
microscope (Carl Zeiss, G€ottingen, Germany).
RNA isolation and quantitative real-time PCR analysis
RNA from cells and lung homogenates was isolated using Tri-
zol (Invitrogen, 15596 026). Reverse transcription was per-
formed with Reverse Transcription Reagents (Takara
Biotechnology, DRR037A). The expression of human IL8, IL6,
and MUC5AC, and mouse Cxcl1, Cxcl2, Il6, and Muc5ac were
measured by quantitative real-time PCR using SYBR Green
Master Mix (Takara Biotechnology, DRR041A) on a StepOne
real-time PCR system (Applied Biosystems, Foster City, CA).
All protocols were performed according to the manufacturer’s
instructions. The primers used in the present study are listed in
Table 1.
Western blot assay
After treatment with PM, HBE cells were lysed in RIPA buffer
(Beyotime, P0013B) containing protease (Roche Diagnostics
Table 1. Primers used for quantitative real time PCR analysis.
Species Genes Primer sequence (50–30)
Human ACTB Forward: CATGTACGTTGCTATCCAGGC
Reverse: CTCCTTAATGTCACGCACGAT
Human IL8 Forward: ACTGAGAGTGATTGAGAGTGGAC
Reverse: AACCCTCTGCACCCAGTTTTC
Human IL6 Forward: ACTCACCTCTTCAGAACGAATTG
Reverse: CCATCTTTGGAAGGTTCAGGTTG
Human MUC5AC Forward: CAGCACAACCCCTGTTTCAAA
Reverse: GCGCACAGAGGATGACAGT
Mouse Actb Forward: GGCTGTATTCCCCTCCATCG
Reverse: CCAGTTGGTAACAATGCCATGT
Mouse Cxcl1 Forward: CTGGGATTCACCTCAAGAACATC
Reverse: CAGGGTCAAGGCAAGCCTC
Mouse Cxcl2 Forward: TGTCCCTCAACGGAAGAACC
Reverse: CTCAGACAGCGAGGCACATC
Mouse Il6 Forward: CTGCAAGAGACTTCCATCCAG
Reverse: AGTGGTATAGACAGGTCTGTTGG
Mouse Muc5ac Forward: CTGTGACATTATCCCATAAGCCC
Reverse: AAGGGGTATAGCTGGCCTGA
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GmbH, 04-693-116-001) and phosphatase inhibitors (Roche
Diagnostics GmbH, 04-906-837-001). Lysates were run on gels
and immunoblotted with relevant antibodies using standard
methods. ACTB served as a protein loading control.
Immunofluorescence staining
HBE cells were seeded on cleaned and autoclaved glass cover-
slips. After exposure to PMs, the cells were washed with phos-
phate-buffered saline (PBS; Biotopped, 150814), and then fixed
in 4% formaldehyde solution. Subsequently, the cells were
treated with 0.1% Triton-X-100 (Sigma-Aldrich, LC262801) in
PBS for permeabilization and blocked with 5% BSA (Sigma-
Aldrich, B2064) followed by washing with PBS. Anti-MUC5AC
was used at 1:200 dilution overnight at 4C. After washing the
cells with PBS, Alexa Fluor® 488 goat anti-mouse IgG (HCL)
antibody (Invitrogen, A11001) solution was added and incu-
bated for 1 h at RT, and washed again, allowed to air dry
completely and cells mounted on slides in a drop of Vectashield
plus DAPI mounting medium (Life Technologies, P36935).
Fluorescent images were captured with a Zeiss LSM laser scan-
ning confocal microscope. The relative fluorescence intensity
was measured with Image-Pro Plus 6.0 (Media Cybernetics, Sil-
ver Spring, MD, USA), and the mean relative fluorescence
intensities were normalized to the levels of control.
ELISA
The concentration of IL8 and IL6 in culture supernatants and
concentration of CXCL1, CXCL2 and IL6 in BALF superna-
tants were determined with ELISA kits following the manufac-
turer’s protocol.
Transmission electron microscopy
For transmission electron microscopy (TEM) analysis, HBE
cells were fixed in 2.5% glutaradehyde in PBS for 24 h after
experimental manipulations. These cells were washed in PBS,
postfixed in 1% osmium tetroxide, and stained with 4% uranyl
acetate. The samples were embedded in embedding medium
after being dehydrated. Ultrathin sections were stained with
uranyl acetate and lead citrate. Images were taken using a
TECNA1 10 transmission electron microscope (FEI, Hillsboro,
Oregon, USA) at 80 kv. In order to quantify the alteration of
the number of the autophagic vacuoles (AVs), the area of the
cell cytoplasm was measured by using Image-Pro Plus 6.0. The
data were represented as AVs per 100 mm2.
BALF collection and analysis
Twenty-four h after the last exposure to PM, BALF was
obtained utilizing 3 instillations, of each was performed with
0.4 ml PBS injected into the lungs, and with drawn to collect
the cells. The total number of BALF cells was counted, and
then the remaining BALF was centrifuged at 400 g for 10min at
4C. The supernatant was stored at ¡80C and used for analy-
sis of cytokines. The cell pellet was suspended in 200 ml PBS,
and 10 ml of the suspension was spun onto glass microscope
slides. Cells were stained with Wright–Giemsa stain (Baso, BA-
4017), and differential counts were determined by counting
200 total cells.
Histological analyses
After treatment with PM, the lungs were collected and fixed in
formalin for 24 h. Then these collected lungs were embedded
in paraffin and were stained with hematoxylin and eosin
(H&E) or PAS following standard protocols.48-49 Inflammation
was assessed according to published guidelines,48 and PAS-
stained goblet cells in airway epithelium were scored as
described previously.49
Immunohistochemistry
Sections of lung tissues were immunostained with anti-
MUC5AC according to the manufacturer’s instructions. Images
were scanned with an Olympus BX53 inverted microscope
(Olympus, Melville, NY). Image quantitative analysis was per-
formed as previously described.50 MUC5AC positive bronchial
epithelial cells were presented as a percentage of total epithelial
cells.
Statistics
Results are presented as means § SEM. Data were analyzed
with GraphPad Prism 5.01 (GraphPad software, San Diego, CA
USA). Differences between 2 groups were identified using the
Student t test. A value of P less than 0.05 was considered to be
statistically significant.
Abbreviations
ACTB actin, b; ATG, autophagy-related
AP-1 activator protein 1
AVs autophagic vacuoles
BECN1 Beclin 1, autophagy related
Baf A1 bafilomycin A1
BALF bronchoalveolar lavage fluid
CXCL chemokine (C-X-C motif) ligand
COPD chronic obstructive pulmonary disease
HBE human bronchial epithelial
H&E hematoxylin and eosin
IL interleukin
LAMP2 lysosomal-associated membrane protein 2
MAP1LC3B/LC3B microtubule-associated protein 1 light chain 3 b
MUC5AC mucin 5AC, oligomeric mucus/gel-forming
NFKB1 nuclear factor of kappa light polypeptide gene
enhancer in B-cells 1
NFKBIA nuclear factor of kappa light polypeptide gene
enhancer in B-cells inhibitor, a
PAS periodic acid-Schiff
PM particulate matter
RELA v-rel avian reticuloendotheliosis viral oncogene
homolog A
TEM transmission electronic microscopy
TNF tumor necrosis factor
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